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ABSTRACT 
As concerns of climate change grow and the world population increases the demands on 
agricultural production, developing stress tolerant cultivars is a key step towards feeding the world in 
2050. The mechanisms of response that cause plants to tolerate abiotic stresses like drought, high 
temperature, or low nutrient availability are often not well understood; however, abiotic stresses are 
some of the most influential factors affecting maize yields. Two of the most relevant stresses faced by 
growers are drought stress and low nitrogen fertility. Furthermore, production in the U.S. Corn Belt will 
likely continue to be significantly affected by the more frequent occurrence of hot, dry growing seasons. 
In the cases of nutrient and water acquisition, it is obvious that the root system of the maize plant is 
essential. Given the importance of the root system in plant performance, it is intuitive that differences in 
root characteristics would impact the performance of maize under water and nutrient limited 
conditions. 
 Despite its importance, maize root architecture and its involvement in plant performance is a 
relatively unexplored area; however, it is possible to accurately and quantitatively describe the root 
system of maize. A new and valuable tool in this effort is the use of fractal geometry and high-
throughput phenotyping to assign a value to the complexity of the root system. Significant genetic 
variation exists for root system complexity in maize, making it a possible breeding target. Prior to the 
initiation of this study, fractal geometry was used to phenotype the root systems of maize hybrids 
selected for this study and to classify them as either high- or low-complexity root systems. The impact of 
varying root characteristics on agronomic performance and overall yield still needs to be investigated. In 
stressed environments, the root system is likely critical in maintaining function and thus protecting yield. 
In this study we investigated the relationship between root complexity and biomass partitioning 
when maize plants are subjected to the abiotic stresses of low nitrogen availability and drought stress. 
These represent two of the primary stresses growers face and it has been suggested that the 
adaptability of maize to low nitrogen stress confers drought tolerance. By growing trials in both field and 
greenhouse environments, a comprehensive set of information was collected allowing us to better 
describe the role of root system complexity in creating stress tolerant cultivars. We anticipate that the 
findings of this study will be critical in understanding the relationship between root complexity and key 
abiotic stresses and will guide breeding efforts to develop maize cultivars with improved stress 
tolerance. 
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INTRODUCTION 
Background 
Agricultural producers are facing more challenges than ever. As the world population grows, 
there is an expectation of higher yields and increased production. In 2013 the OECD and FAO estimated 
that by 2022 there will be an additional 752 million people on planet Earth; however, with a finite 
amount of land suitable for agriculture production is not increasing at a rate that will satisfy demands 
(Ray et al., 2013). As demonstrated in the Midwest in recent growing seasons, abiotic stresses like 
drought can cripple yields in major maize producing regions which is associated with rising global food 
prices (U.S. Drought and Rising Global Food Prices, 2012).  
Despite its importance, maize root architecture and its involvement in plant performance is a 
relatively unexplored area. In order to study this relationship, it is necessary to be able to phenotype the 
root system. High-throughput phenotyping that can be used to quantify the complexity of the root 
system of maize lines, describe stem diameter and determine the angle of attachment of the roots to 
the stem using fractal geometry to extract information from images (Grift et al., 2011). Root traits are 
correlated with biomass production and agronomic performance of maize lines. It has also been 
determined that significant genetic variation exists for root system complexity in maize (Hauck et al., 
2014, submitted). Genetic variation for root system characteristics in maize has previously been 
described by Zhu et al. (2005) and in wheat by Manschadi et al. (2008). Furthermore, the architecture of 
the maize root system is more related to historical yield increases than any other plant architecture 
changes, including canopy and leaf arrangement (Hammer et al., 2009). 
Description of the Root System 
The root system of a plant is responsible for acquisition of critical compounds via exploration of 
the soil environment. The dynamic nature of roots allows for the location and capture of both mobile 
and immobile nutrients as well as for the absorption of water. This allows roots to actively respond to 
changes in the soil environment, such as soil moisture depletion and leaching of nitrogen. Another vital 
role of the root system is plant anchorage (Lynch, 1995; Ennos and Fitter, 1992). Maize root 
development is initiated by the development of a single primary root and a system of seminal roots. The 
dominant root system of the mature plant is comprised of crown roots that develop from below ground 
nodes after embryogenesis (Figure 1). Additional anchorage can be provided from brace roots that 
develop in aboveground nodes. All root types give rise to lateral roots and root hairs (Eshel and 
Beeckman, 2013). This system allows intimate interaction between the soil and the roots and allows for 
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the root system to modify its environment by excretion of substances into the rhizosphere (Lynch, 
1995). The root system is directly related to the growth rate of the plant because it is critical in resource 
acquisition and conversion of nutrients into biomass (Hammer et al., 2009). It was determined by Ennos 
and Fitter (1992) that the morphology of the root system is related to that of the above ground portion 
of the plant; however, the time required for annual crops to develop extensive root systems often 
corresponds to an inability of the plant to fully utilize soil resources (Lynch, 2013).  
The four main descriptive terms used with regards to root systems are morphology, topology, 
distribution, and architecture. Lynch (1995) describes morphology as a single root axis’s surface 
features, topology as the connection of these axes by branching, and distribution as the presence of 
roots in a grid. These terms differ from architecture in that architecture refers to spatial configuration. 
This means that in considering the architecture of a root system, what is actually being considered is the 
geometry of the root system. This descriptive factor is more informative than either topology or 
distribution and describing the architecture can also allow you to determine both of these factors; 
however, architecture is less easily studied and generally more complex than any of the other 
descriptors. Architecture is directly responsible for the amount of water a crop can acquire from the soil 
and consequently architecture has a direct influence on the growth rate of the crop, and the change in 
architecture confers tolerance to high densities (Hammer et al., 2009). Campos et al. (2004) supports 
the idea that root systems have changed as hybrids have been modernized and adapted to higher 
planting densities and states that patterns of water uptake from the soil differ between modern and 
historical hybrids. 
The Study of Roots 
Despite the known importance of the root system, the majority of research to date has focused 
on the easily accessible aboveground plant components. Of the studies done on root systems, there are 
several predominant methods of observation. Transparent containers called rhizotrons (Berntson and 
Woodward, 1992; Comin et al., 2006; Smit and Groenwold, 2005; Zegada-Lizarazu et al., 2011; Nagel et 
al., 2012) and transparent tubes called minirhizotrons that are inserted at an angle into the soil both 
allow observation of roots when the roots contact the transparent surfaces (Ao et al., 2010; Karl and 
Doescher, 1991; Berntson and Woodward, 1992; Bohm et al., 1977; Kirkham et al., 1998; Britschgi et al., 
2013). Other methods include the soil water depletion method (Bohm et al., 1977; Kirkham et al., 1998), 
trench profile method, core sampling method (Vepraskas and Hoyt, 1988; Bohm et al., 1977), and the 
framed monolith method (Bohm et al., 1977), which have all been used to a lesser extent.  
3 
 
 
Due to the nature of roots and the environment they grow in, studying them so far has not been 
easy. Current methodology can create an artificial environment that is not reflective of actual field 
conditions, include structures that impede growth, or compromise the integrity of the root system when 
roots are extracted and processed. This has led to the desire to model root system development and 
root architecture; however, this has been done with a limited amount of validity and is mainly a tool to 
guide further research (Lynch, 1995). Dunbabin et al. (2003) found that modeling is particularly useful 
for guiding future trials and for testing hypothesis regarding interactions between the environment and 
root systems.  Anderson and Hopmans (1994) describe a method of x-ray imaging soil cores called soil 
tomography, yet this requires extensive expertise and very specialized equipment. 
The most promising answer to the current gaps in root research methodology is the use of 
fractal geometry to quantitatively describe the root system of maize (Lynch, 1995; Grift et al., 2011). 
Fractal geometry is well equipped to study of complex, natural objects (Mandelbrot, 1983) and roots 
have been definitively shown to be fractal objects suited to this type of analysis (Eshel, 1998). A high-
throughput phenotyping platform has been developed by Grift et al. (2011) that measures root 
morphology parameters in a standardized way using analysis of the fractal geometry of mature, field 
grown maize root systems. This system assumes that the fractal dimension (FD) of a root system is an 
indication of how complex it is. This method has been used successfully by Bohn et al. (2006) to identify 
regions involved in inheritance of root system complexity for the primary root system in the maize 
genome. Using two dimensional images of a root core, assuming that roots are self-similar objects, a 
complexity or FD value can be assigned to reflect the root system as a whole (Grift et al., 2011). This 
work also showed that there are significant differences among different maize genotypes.  
Root architecture can be described with the method used by Grift et al. (2011) by measuring the 
stem diameter and the root angle while complexity is described by the FD values, and complexity is 
indicative of the degree of branching. Hauck et al. (2014, submitted) used the FD value of 1 to indicate a 
single unbranched root and the FD value of 2 to indicate a highly branched root system based on 
parameters set in the Grift et al. (2011) study. Hauck et al. (2014, submitted) provides further evidence 
that roots are indeed fractal objects and that the analysis of a root core accurately predicts the FD of the 
entire root system in a high-throughput manner. This study found that the architecture trait root angle 
(RTA) was correlated with traits that are indicative of performance under stress, specifically stay green 
(STG) and spadmeter readings (SPAD), and that complexity and the architectural trait stem diameter 
(STD) were correlated with agronomic traits like yield, plant height (PHT), and ear height (EHT). 
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Abiotic Stress 
Abiotic stresses exist in most production regions and are a continuous threat to yield. Of the 
earth’s land surface, one-third is arid (Lynch, 1995), and Wuebbles and Hayhoe (2011) predicted that the 
producers in the Midwest will be subjected to frequent hot, dry growing seasons. Water and nitrogen 
are both critical to maize performance and are required in relatively large amounts, and they are subject 
to easy loss from the soil due to their high level of mobility (Lynch, 2013). As a result of nitrogen’s high 
level of mobility, a large proportion of the nitrogen used for agriculture goes to maize production 
(Nehring, 2013). Other nutrient limitations, acidity, salinity, and aluminum toxicity are additional threats 
to yield. Specifically, the nutrients nitrogen and phosphorous are of limited availability in most soils 
(Lynch, 1995; Krill et al., 2013; Maron et al., 2010). The yield loss due to abiotic stress is especially 
pronounced when it occurs during reproductive development (Campos et al., 2004). 
Many abiotic stresses are related to the function and architecture of the root system. Zhu et al. 
(2005) investigated genetic control of root hair length and root hair plasticity and found that breeding 
for these traits may be a viable way to increase phosphorous use efficiency, given that this is a key 
restriction for many types of plants. Dunbabin et al. (2003) used modeling to determine if there was a 
root architecture that was best suited to capturing the highly mobile nutrient nitrogen. It has been 
suggested that root systems capable of deeper soil exploration will be better able to obtain water and 
other resources like nitrogen at optimal levels, especially as nitrogen fertilizers are prone to leaching 
from the surface (Lynch, 1995; Lynch, 2013). Although the mechanisms of tolerance for limited growing 
conditions are not well understood, Bänziger et al. (2002) found that the tolerance mechanisms for 
drought and low nitrogen fertilization may be related. In this study, it was found that selecting for 
midseason drought tolerance resulted in decreased ear abortion and increased assimilate supply during 
the period of grain fill while also conferring an increased ability to withstand low nitrogen, all factors 
which contribute to yield stability.  
Breeding for Stress Tolerance and Root Traits 
Genetic variation has been found for root traits (Galway et al., 1994; Zhu et al., 2005), and root 
traits have been shown to exhibit heterosis (Grift et al., 2011; Hoecker et al., 2006). This indicates that 
breeding for root traits is possible and that targeted phenotypic selection criteria can be developed. 
Historically, maize lines have been bred to be tolerant of higher densities which increased yields. 
Hammer et al. (2009) showed that this breeding resulted in a change of root architecture in modern 
hybrids which was putatively more important to increasing yields at high densities than changes in 
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canopy architecture. This is because the spatial arrangement of a root system is responsible for the 
ability of the plant to take up water under conditions where water is limiting. When Hammer et al. 
(2009) tested a subset of the hybrids in the study under targeted water stressed conditions they found 
positive genetic gains for yield. Campos et al. (2004) determined that this change in architecture allows 
modern hybrids to capture water more at deeper soil layers, compared to older hybrids, which appear 
to take up water in the shallower layers of soils. In addition, breeding will continue to play an important 
role in adapting cultivars to be tolerant to abiotic stress (Campos et al., 2004). Plant breeding is an 
inherent part of developing plants that are tolerant of growing in limited conditions (Vance et al., 2003).  
Although it is known that the root system plays a significant role in tolerance to abiotic stresses, 
specifically to drought stress and low nitrogen fertilization, that relationship is not well explored. My 
objective in this study is to explore the role of root complexity in biomass development and partitioning 
throughout the growing season in six elite maize hybrids with contrasting root phenotypes and how the 
production changes when subjected to low nitrogen fertilization and drought during flowering. The 
specific objectives were to: 
 
Objective 1 Evaluate maize hybrids with contrasting complexity characteristics of 
mature roots for their agronomic performance as well as biomass 
production and partitioning over the course of their vegetative and 
reproductive development in controlled greenhouse experiments and to 
determine if root complexity affects the development of maize hybrids. 
Objective 2 Evaluate the same set of maize hybrids for biomass production and its 
partitioning over the course of their vegetative and reproductive 
development under well-watered and water-limited conditions at anthesis 
and postanthesis in controlled greenhouse experiments and to determine 
the affect root complexity has on the response of maize hybrids to drought 
stress; 
Objective 3 Evaluate the same set of maize hybrids for biomass production and its 
partitioning over the course of their vegetative and reproductive 
development under nitrogen added and nitrogen withheld conditions in a 
field environment and to determine the effect of root complexity on maize 
performance in nitrogen limited conditions. 
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By conducting experiments in both field and greenhouse environments, a comprehensive set of 
plant characteristics are described allowing significant differences in performance to be detected 
amongst these elite hybrids. To study performance under nutrient limited conditions, we compare 
adequate levels of nitrogen as would be seen in a grower’s field with no added nitrogen. We anticipate 
that the findings of this study will be critical in understanding the relationship between root complexity 
and key abiotic stresses and will subsequently guide breeding efforts to develop maize cultivars with 
sustained yield in environments with fewer inputs applied.  
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MATERIALS AND METHODS 
Germplasm 
A list of all acronyms and corresponding definitions and units used can be found in Table 1. 
Sixty-six elite maize hybrids were generated from a diallel cross of twelve inbreds; ten ex- patent variety 
protected (ex-PVP) inbreds and two public inbreds as described by Hauck et al. (2014). The resulting 
population represents the diversity of the North American germplasm. Six hybrids were selected from 
the original sixty-six based on their root complexity (FD values) and architecture (RTA and STD) (Figure 2, 
Table 2). Three hybrids, PHG47*PHJ40, LH82*PHJ40, and B73*PHJ40, were selected to be representative 
of low root complexity hybrids while B73*PHZ51, PHG39*PHZ51, and PHG47*PHG84 were selected to 
represent high root complexity hybrids. These hybrids were from the extreme end of each complexity 
group. Using these hybrids we can assess whether the different root complexities contribute to 
performance in stressed environments.  
Biomass Partitioning Study 
Experimental Design 
In 2012 a biomass partitioning study was conducted using the six selected hybrids. The study 
was conducted as a randomized complete block design (RCBD) with four random blocks and four 
random replications within each block with one plant per replication (Figure 3). The study took place in 
room 6W4 of the USDA corridor in the University of Illinois at Urbana-Champaign’s (UIUC) Turner Hall 
Greenhouse Research Facility. Seeds were surface sterilized using 10 mL of standard six percent bleach 
and 490 mL of autoclaved water, soaking for ten minutes before rinsing with autoclaved water. Seeds 
were planted into 28 L pots filled to one inch below the rim with “root wash soil mix”. This specific size 
of container was chosen based on research that shows that it will not influence the biomass production 
or shoot:root ratio (Yang et al., 2010). The soil is a custom mix provided by the Plant Care Facility (PCF). 
This mixture is a 1:1:1 soil, torpedo sand, and calcined clay. The soil mix was steam sterilized prior to 
use.  
The experiment was overplanted at three seeds per pot and thinned a maximum of two times 
leaving one seedling in the approximate center of the pot. All conditions in the greenhouse were 
controlled and kept non-limiting. Fertilization was administered via the watering system, drip emitters 
placed in each pot. Irrigation/fertilization was delivered three times daily on an automated system. The 
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fertilizer blend was a 20:20:20 N·P·K blend. The day/night temperature was 25 °C/ 20°C and the 
experiment was conducted on a 16 hour photoperiod. 
Phenotypic Data Collection 
A total of four destructive phenotyping events were conducted (“Harvests 1-4”). Harvests were 
conducted at V6, V10, V15, and at physiological maturity. Individual plants were harvested when they 
reached the designated stages. As such, plants were monitored daily to evaluate leaf stage and monitor 
growth. Leaf labeling was done at V3, V6, and V9 as a point of reference to ensure accuracy in staging at 
harvests.  
At each harvest, the above and below ground plant portions were separated and the biomass 
was dissected. All collared leaves were measured for width and length, and the stem was evaluated for 
internode width and distance from the ground. Biomass components were separated, placed in labeled 
bags, and dried in a forced air oven for one week. A list of the traits evaluated during the biomass 
partitioning study can be found in Table 3. Leaf width (LWD) and node width (IDW) were measured at 
the widest point of the leaf and node, respectively. IDW was collected using a digital caliper. After the 
development of the ear above ground biomass (TAB) was separated into above and below the ear 
sections (Figures 4 and 5). The node at which the ear leaf was located was the point of division for these 
two halves. Leaf weight (LWT) was collected by removing the entire leaf including leaf sheath to be 
weighed. A mobile root washing station was developed and all root systems were collected, washed, 
and then dried as described for the TAB portions (Figures 6-8). Following drying, all dry weights were 
taken. In this study, ear data were not available due to contamination of the room with maize smut 
which caused almost complete loss of ears.  
Drought Response Study 
Experimental Design 
In 2013 a drought response study was conducted in the UIUC Turner Hall Greenhouse Research 
Facility. Preparation, planting, irrigation, and climate were maintained as described for the biomass 
partitioning study in 2012, and the trial was conducted in the same room of the Turner Hall Greenhouse 
Research Facility, with the exception of pots being placed on grated plastic platforms which elevated the 
pots from the ground. This modification allowed for better drainage and prevented root escape. This 
study was conducted as a split plot design (Figure 9). The two whole plot treatments were well-watered 
(H2O+) and water withheld during flowering (H2O-). The six hybrids used in the biomass partitioning 
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study, representing high and low root complexity extremes served as the split plot treatments. There 
were nine replications. Drought was administered by withholding water at flowering and covering the 
soil surface to prevent evaporative water loss. Commercial pea gravel was used to cover the surface of 
the soil, at a depth of approximately 1 inch (Figures 10-11). Water was returned after ten days of stress. 
This protocol was adapted from Witt et al. (2012). 
Phenotypic Data Collection 
A total of five non-destructive observations were conducted at the first five observed growth 
stages. A single destructive phenotyping event was conducted at harvest. Observed stages were V6, V8, 
V10, V12, V15, and harvest was conducted at physiological maturity. Individual plants were evaluated 
for leaf area (LA) when they reached a given stage. As such, plants were monitored daily to evaluate leaf 
stage and monitor growth. Leaf labeling was done at V3, V6, and V9 to ensure accurate harvests. LA was 
evaluated by measuring LWD and leaf length (LLN) on all collared leaves. A summary of traits evaluated 
during the vegetative growth stages during the drought response study can be found in Table 4. 
At the final harvest, the above and below ground plant sections were separated and the 
biomass was dissected. All collared leaves were measured for LWD and LLN. LWT was collected by 
removing and weighing the entire leaf including the leaf sheath. All biomass components were 
separated, placed in labeled bags, and dried in a forced air oven for one week. TAB was separated into 
the above and below the ear sections at the node that the leaf ear was located at and all reproductive 
organs were harvested separately. Root washing occurred as described for the biomass partitioning 
study in 2012. Following drying, all dry weights were taken. A summary of traits evaluated at 
physiological maturity during the drought response study can be found in Table 5. 
Nitrogen Response Study 
Experimental Design 
A nitrogen response study was conducted in 2013 at the University of Illinois Research and 
Education Center in Urbana-Champaign, IL. The trial was planted at Maxwell Field 200 (MF200). This was 
conducted as a split plot design with two treatments, where no nitrogen was provided and where 252.2 
kg/ha was added, as the whole plot treatment and hybrid as the split plot treatment (Figure 12). There 
were six replications. The trial was planted in two row plots. The field was rain fed and insects were 
controlled using an insecticide with the active ingredient Lambda-cyhalothrin. Weeds were controlled by 
hand hoeing. 
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Phenotypic Data Collection 
At V6 bands were placed around the stem above the sixth leaf collar at the beginning of the row. 
This was continued throughout the harvest, marking new leaf growth each week. The plots were 
harvested when the majority of plants were at the designated stage. At the vegetative stages V6, V8, 
V10, V14, R1/R2, and physiological maturity (MTR), data collection harvests were conducted. 
Harvests were conducted working from the south end of the plot and moving north at each 
harvest. Plants were harvested starting two to three plants from the south edge of the plot to eliminate 
any border influence. A total of five plants were harvested from each plot, removed evenly from the two 
rows. Plants were uprooted and only the aboveground portion was collected in labeled bags. Fresh and 
dry plant weights were collected. Plants were dried in a forced air oven for a minimum of one week. 
LWD and LLN were measured on every leaf for two of the five harvested plants. The set of traits 
evaluated during the nitrogen response study can be found in Table 6. At maturity, ears were harvested 
and evaluated separately for ear, kernel, and cob weights. At the MTR harvest, ear leaf data was 
recorded, and leaf area was calculated based on the methods described in Mansfield and Mumm (2014). 
Phenotypic Data Analysis 
All analyses were conducted using SAS version 9.4. PROC MIXED was used to generate all 
LSMEANS. These means were used to calculate least significant difference values (LSD). Traits were 
compared both with respect to differences among hybrids and differences between root complexity 
groups. PROC NLMIXED was used to derive the Gompertz growth curve based on the equations used in 
Song and Kuznetsova (2001). Appropriate statistical models were applied to accommodate the different 
experimental designs used in each study.  
Analysis of the biomass partitioning study was based on the following model: 
           ( )          , 
where       represents the value of the LSMEAN for a given trait,     represents the fixed effect of the i
th 
block,  ( )  represents the random effect of the j
th replication within the ith block,    represents the 
random effect of the kth hybrid, and      represents the residual error.  
Analysis of the drought response study was based on the model:  
                                , 
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where      represents the value of the LSMEAN for a given trait,     represents the random effect of the 
ith replication,   represents the fixed effect of the j
th treatment,      represents the first residual error, 
   represents the fixed effect of the k
th hybrid,      represents the random effect of the interaction of 
the jth treatment level and the kth hybrid, and       represents the second residual error. 
Analysis of the nitrogen response study was based on the model: 
                             , 
where      represents the LSMEAN for a given trait,    represents the random effect of the i
th block,    
represents the fixed effect of the jth level of nitrogen treatment,      represents the first residual error, 
   represents the fixed effect of the k
th level of hybrid, and       represents the second residual error. 
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RESULTS 
Comparison of Hybrid Performance 
Biomass Partitioning Study 
Differences reported were significant at the α=0.10 probability level for the V6 developmental 
stage. Differences reported for the V10 developmental stage were significant at the α=0.05 probability 
level, except for shoot:root ratio (S:R), which was significant at the α=0.10 probability level. Differences 
reported for the V15 developmental stage were significant at α=0.05, except for leaf weight (LWT) and 
percent of biomass from root (%root) ratio which was α=0.10. Differences reported for the MTR 
developmental stage were significant at the probability level of α=0.001, except for root weight (RWT), 
tassel weight (TWT), S:R, percent of biomass from stem (%stem), %root, and percent of biomass from 
tassel (%tassel) which were significant at the α=0.05 probability level.  
At the V6 developmental stage hybrids showed different amounts of biomass. This was due to 
the production of leaf biomass, indicated by LWT, and not due to root production. At V6, hybrids did not 
differ for the amount of root tissue. Throughout the entire growing season, the amount of leaf tissue 
produced, indicated by LWT and leaf area (LA), continued to influence the difference observed in hybrid 
biomass production. Only at physiological maturity was the production of root biomass highly 
significantly different. Despite the lack of difference in the amount of root tissue, at all stages after V6 
hybrids exhibited different partitioning of biomass in that they had different %root. The difference in 
biomass partitioning between hybrids was most apparent at the MTR harvest where, in addition to the 
percent of biomass that is attributed to leaves (%leaf) and %Root, there was also a difference in the 
percentage of biomass that was found in %tassel and %stem. 
The difference in the amount of aboveground biomass is significant between genotypes at all 
developmental stages (Figure 13). Belowground biomass production of hybrids is significant at V10 and 
at MTR. Hybrids had significantly different leaf area produced at each stage (Figure 14). Two patterns of 
shoot:root ratio are seen between the six genotypes, with high and low complexity genotypes falling 
into each pattern. The first pattern shows a ratio that increases until V15 and then declines while the 
second shows ratios decline from V6 to V10, increasing from V10 to V15 and then declining from V15 to 
MTR (Figure 16). A summary of means and LSD values are shown for all traits in the biomass partitioning 
study in Table 7. 
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Drought Response Study 
 Differences reported were significant at the α=0.05 probability level. Hybrids produced 
significantly different amounts of leaf area at all stages. At the end of the experiment when plants were 
harvested and biomass components were analyzed, hybrids had different amounts of biomass 
partitioned into different plant parts. This includes total biomass as well as biomass partitioned to roots, 
stems, leaves and reproductive organs. Treatment affect is only relevant at the V15 and MTR stages 
because water had not been withheld prior to that developmental stage. To withhold water significantly 
lowered the amount of leaf area as well as the amount of biomass. Withholding water significantly 
lowered the amount of total biomass and all biomass components except for root weight and percent of 
biomass that is partitioned to roots. Yield was lower for all hybrids when water was withheld.  
Genotypes had significantly different aboveground and belowground biomass production in the 
well-watered treatment (Figure 20) as well as in the water-withheld (Figure 21). The water-withheld 
treatment had less biomass than the well-watered treatment. The hybrids PHG47*PHJ40 and 
LH82*PHJ40 yielded significantly more than the other genotypes when well-watered (Figure 22) and 
were the only hybrids with measurable yield in water-withheld (Figure 23) where LH82*PHJ40 yielded 
significantly more than the rest. A summary of means and LSD values for all traits evaluated during the 
drought response study are shown in Table 8. 
Nitrogen Response Study  
 Differences reported were significant at the α=0.001 probability level for the V6 developmental 
stage. Differences reported were significant at the α=0.001 probability level for the V8 developmental 
stage except for LA between hybrids with α=0.05. Differences reported were significant at the α=0.01 
probability level for the V10 developmental stage. Differences reported were significant at the α=0.001 
probability level for the V14 developmental stage except for LA among hybrids with α=0.10. At the MTR 
developmental stage differences reported are significant at α=0.001 probability level except KWT 
between hybrids with α=0.05. 
Consistent with the first two studies, hybrids produced significantly different amounts of leaf 
area throughout the growing season. Hybrids also had different amounts of biomass as indicated by 
plant weight. Additionally, adding nitrogen the plots cause greater leaf area and plant weight to be 
produced. At the MTR harvest, it was also observed that hybrids yielded differently and that adding 
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nitrogen to the plots caused an increase in yield due to a greater amount of kernels being present on the 
ears. The percentage of biomass coming from each reproductive component (ear, kernel, and cob 
weights) also differed between hybrids and nitrogen treatment. 
Hybrids had significantly different LA production at all stages and the difference in LA 
production between treatments was significant at each stage after the V6 Stage (Figure 26). When no 
nitrogen was added the low complexity genotypes LH82*PHJ40, and PHG47*PHJ40, showed a plateau in 
LA produced from between the V15 and R1/R2 stage (Figure 27). When no nitrogen was added, hybrids 
had significantly different PWT but did not have significantly different yields (Figure 28). When 252.2 
kg/ha was added weights of all biomass components were higher, and there was significant differences 
for yield in terms of EWT and KWT (Figure 29). A summary of the means and LSD values are shown for all 
traits evaluated during the nitrogen response study in Table 9. 
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Comparison of Root Complexity Group Performance 
Biomass Partitioning Study  
Differences reported at the developmental stages V6 and V10 were significant at α=0.10. 
Differences reported at the V15 developmental stage were significant at α=0.05. At the MTR 
developmental stage differences reported were significant at the α=0.001 probability level except for 
SWT which was significant at α=0.05. A summary of the means and LSD values are shown for all traits 
evaluated during the biomass partitioning study comparing high and low root complexity groups in Table 
10. 
Root complexity group had a significant impact on leaf area in general throughout the growing 
season. After the V6 stage, the percentage of the biomass partitioned to the root systems was different 
for the high and low complexity groups. The amount of root biomass was greater for the high complexity 
group starting at the V15 growth stage. It was also at the V15 stage where differences in the shoot:root 
ratio began to appear. At MTR, the total amount of biomass present was greater for the high complexity 
root group which was due to having greater LWT, RWT, and SWT as individual components. 
At the MTR stage, root complexity groups were significantly different for both above and 
belowground biomass. Low complexity genotypes have less biomass above and below ground (Figure 
13). Root complexity groups were significantly different at V10 and MTR for LA (Figure 14). Low 
complexity genotypes produced significantly less biomass than high complexity genotypes. For low 
complexity hybrids a decline (Figure 15) or plateau was observed in terms of leaf area production 
between the V15 harvest and MTR.  
Drought Response Study  
Root complexity groups did not have differences in leaf area produced from V6 to V15. At 
physiological maturity significant differences in leaf area produced were found at an α=0.001 probability 
level. For the remaining traits at physiological maturity, differences reported were significant at an 
α=0.001 probability level except for traits %stem and %leaf which were significant at α=0.05. A summary 
of means and LSD values are shown for all traits evaluated during the drought response study comparing 
high and low root complexity groups in Table 11. 
Root complexity (RC) groups were not significantly different for LA until the MTR stage (Figure 
17) in either the well-watered (Figure 18) or water-withheld (Figure 19) treatment levels. At MTR, the 
high complexity root group had more biomass in terms of total vegetative biomass (TVB), LWT, and 
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SWT. However, this greater amount of total biomass did not contribute to greater yield. The highest 
yielding complexity group was the low complexity root group, which had greater EWT and KWT in both 
water levels. The S:R was also significantly different between the two groups along with the percentage 
of biomass contributed by the tassel, ear, kernel, stem, leaf, and root.  
In both the well-watered (Figure 20) and water-withheld (Figure 21) treatments the high root 
complexity group had significantly greater above and belowground biomass than the low complexity 
root group. Low root complexity yielded significantly more in both treatments (Figures 22 and 23). High 
complexity group had significantly greater LWT and SWT in both treatments (Figures 24 and 25).  
Nitrogen Response Study  
Differences reported for the V6 developmental stage through the R1/R2 developmental stage 
were significant at α=0.05. At the physiological maturity differences reported were significant at 
α=0.001, except for EWT and KWT which were significant at α=0.05. A summary of means and LSD 
values are shown for all traits evaluated during the nitrogen response study comparing high and low 
root complexity groups in Table 12. 
At the V6 stage, root complexity groups differed significantly for leaf area and total biomass 
(PWT). However, PWT was not significant until MTR except at the V14 stage. Leaf area was significant 
only at R1/R2. At MTR the root complexity groups did not yield differently in the low nitrogen treatment 
but the high complexity group had greater KWT when 252.2 kg/ha was added. In both treatments, high 
complexity had greater LA and PWT.  
Root complexity groups had significantly different LA production at V6, R1/R2 and MTR with 
high complexity having greater LA (Figure 26). Low complexity hybrids exhibit a plateau in LA production 
between V14 and R1/R2 (Figure 27). High complexity genotypes had greater CWT and PWT at both 
levels of nitrogen and significantly higher yield when 252.2 kg/ha was added (Figures 28 and 29).  
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DISCUSSION 
Biomass Partitioning Study 
 At physiological maturity root complexity groups had significantly different total aboveground 
vegetation. Stem weight and leaf weight, components of total aboveground vegetation were both 
significantly different, with low root complexity being significantly lower in all cases. High root 
complexity hybrids had significantly higher leaf area, total vegetative biomass, and root weight. This 
provides evidence that genotypes belonging to a specific root complexity group in the field also produce 
root phenotypes consistent with this root complexity group if grown in the greenhouse. We hypothesize 
that, under non-limiting conditions, high complexity hybrids are better able to acquire both water and 
nutrients and convert these resources into biomass by the end of the season. This is supported by the 
conclusion of Lynch (1995) that the spatial arrangement of the root system is a large factor in the ability 
of a plant to acquire resources in the soil environment. We know that high complexity root systems have 
more branching (Grift et al., 2011), and accordingly have a greater surface area and a different spatial 
arrangement, than low complexity root systems.  
 Throughout the season, root complexity group was not significant for total aboveground 
biomass, but hybrids were. At the V6 and V10 stages, RC was not significant for root weight. Root 
complexity groups had significantly different root weight at V15 and MTR. Shoot:root ratio followed the 
same trend in significance as root weight. It is at the point of transition between vegetative and 
reproductive development when genotypes with high complexity root systems begin to show 
significantly greater biomass production. This indicates that a high complexity root system provides 
more of an advantage during this time. The period of development that brackets flowering is most 
sensitive to stress (Campos et al., 2004) and given our previous finding that high complexity root 
systems may be better able to acquire soil resources it makes sense that it would be advantageous 
during grain fill to amass a greater source of nutrients which the plant can remobilize. 
 When comparing trends in leaf area, low complexity hybrids had significantly less leaf area. The 
hybrids PHG47*PHJ40 and LH82*PHJ40 were the two lowest leaf area producers and also had the 
lowest root weight, %root value, and total vegetative biomass. It appears that root complexity is directly 
related to the accumulation of total biomass. It is also noteworthy that low root complexity hybrids 
either plateaued (LH82*PHJ40) or declined (PHG47*PHJ40, B73*PHJ40) in terms of amount of leaf area 
after the V15 stage, where high complexity hybrids continued to increase in total amount of leaf area 
until the MTR harvest. It can be hypothesized that low root complexity hybrids partition biomass 
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differently after reproductive growth stages begin, which would be shortly after V15. Hauck et al. (2014, 
submitted) found that root traits were correlated with agronomic and stress tolerance traits. If root 
characteristics influence aboveground phenotypes, this supports the results showing that low 
complexity root system hybrids partition biomass differently. 
Drought Response Study 
 Leaf area was significantly different among hybrids, but not between root complexity groups at 
stages V6, V8, V10, V12, and V15. At the MTR stage, there were significant differences in leaf area for 
both hybrids and root complexity groups. In both treatments, high complexity root systems had greater 
leaf area produced at the end of the season. We hypothesize that high complexity root system hybrids 
sustain leaf area production better than low complexity root system hybrids because prior to the 
initiation of drought, they had already amassed a higher level of biomass and then were able to go into a 
type of preservation mode. These results are supported by the findings in the biomass partitioning 
study, which have the same conditions as the well-watered treatment, where we also found that high 
complexity root system hybrids had greater biomass and greater leaf area.  
 In both treatments, total aboveground biomass and root weight were significantly different. Low 
complexity groups had the lowest root weight and total aboveground vegetation values. Under well-
watered conditions and water-stressed conditions low complexity root system hybrids were significantly 
higher yielding than the high complexity root group. We hypothesize that having a lower complexity 
root system confers an advantage in water-limited conditions due to the decreased amount of resources 
being partitioned to the root system and due to the narrower root angle, allowing deeper soil 
exploration. We hypothesize that the resources required to maintain the greater amount of biomass, as 
well as the shallow root angle found in high complexity root system hybrids causes these hybrids to be 
less able to produce reproductive organs and fill kernels than the low complexity root system hybrids. 
Lynch (2013) speculates that a “cheap” root system limits the demands on the plant and that deep soil 
exploration is important to acquiring water and nitrogen. 
 In terms of partitioning biomass, using leaf area as an indicator, the same trend was seen in the 
well-watered treatment as was seen in the biomass partitioning study where low complexity root 
system hybrids plateaued in amount of leaf area when high complexity root system continued to 
increase. This same trend was not exhibited in the water-withheld treatment; however, the high 
complexity root system hybrids had a more drastic rate of continued leaf area accumulation than the 
low complexity root system hybrids did. This may be related to the yield differences in the water 
19 
 
 
withheld treatment. Low complexity root system hybrids may be better able to set and fill kernels 
because they are not also trying to amass more biomass in other tissues like leaf and stem tissue. The 
observation of season long biomass partitioning is unique to the three studies presented in this work, 
though as mentioned are supported by the work done in Hauck et al. (2014, submitted), which relates 
root characteristics to aboveground phenotypes. 
Nitrogen Response Study 
At the V6 stage both hybrids and root complexity group had significantly different leaf area and 
plant weight; however, there was no difference between nitrogen levels. High complexity root system 
hybrids had greater plant weight than low complexity root system hybrids at the V6 stage in the 
nitrogen response study. This can be compared to the biomass partitioning study, where root 
complexity was only significantly different for leaf area at an α=0.10 level and did not have significant 
differences in terms of biomass. Additionally, in the biomass partitioning study, hybrids were only 
significantly different for total aboveground biomass (which is equivalent to plant weight). In both 
studies, low complexity root system hybrids had greater leaf area than high complexity root system 
hybrids. When considering this difference, we hypothesize that root complexity has more impact on 
field grown maize plants early in the growing season because it is advantageous in the more 
heterogeneous soil environment. A unique aspect of this study is the presence of greenhouse work to 
compare it to which is not present in other studies. 
At all subsequent stages (V8, V10, V14, R1/R2, and MTR), leaf area was significantly different 
between treatments. High complexity root system hybrids had significantly greater leaf area at R1/R2, 
but did not have significantly different plant weight. Root complexity was not significant at the stages 
between V6 and R1/R2 for either plant weight or leaf area, except for V14 plant weight. This is 
comparable to the biomass control study, where root complexity groups were not significant for either 
of these traits until after V15. We hypothesize that it is near the biological event of flowering that root 
complexity group confers an advantage in leaf area and biomass accumulation. This may be 
advantageous in non-limited growing conditions; however, in stressed conditions this may be an 
increased metabolic burden on the plant. 
When no nitrogen was added, yield (in terms of ear weight and kernel weight) was not 
significantly different between low complexity genotypes and high complexity genotypes although high 
complexity genotypes had higher plant weight and leaf area. At 252.2 kg/ha added, high complexity 
genotypes had greater ear weight and kernel weight than low complexity genotypes. Lynch (2013) 
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discusses the ideal root phenotype as being “steep, cheap, and deep” due to the high mobility of water 
and nitrogen. We did not see that the low complexity root phenotype which would have these 
characteristics outperforming when nitrogen was not added; however, despite being significantly 
smaller and having less leaf area which would impact light interception the low complexity root system 
hybrids still had the same yield as the hybrids with high complexity root systems which were much more 
vigorous. Therefore, under nitrogen-withheld conditions, having a higher complexity root system only 
was advantageous in terms of overall biomass production. What is unique about our findings is that at 
high-nitrogen levels having a higher root complexity was advantageous both in terms of biomass 
accumulation and yield. We hypothesize that this is due to the greater surface area of the high 
complexity genotypes root system being more able to capture nutrients from the added fertilizer before 
it undergoes chemical changes to plant unavailable forms. Additionally, the high complexity genotypes 
architecture as indicated by root angle is less steep than that of low complexity genotypes. We 
hypothesize that this allows the roots to quickly capture added nitrogen before it can escape the root 
zone and be lost to other factors, primarily leaching. This hypothesis is supported by the knowledge that 
lateral roots have a great influence on branching, and therefore complexity and that they increase the 
capacity of the roots to absorb nutrients and water (Eshel and Beeckman, 2013). 
Low complexity genotypes LH82*PHJ40 and PHG47*PHJ40 showed the same plateau in leaf area 
produced that low complexity genotype exhibited in biomass partitioning study when no nitrogen was 
added. This was not seen in the 252.2 kg/ha treatment. It should be noted that the means for the leaf 
area at maturity in the nitrogen response study for leaf area were calculated using methods from 
Mansfield and Mumm (2014) rather than directly measuring the leaves as was done in the harvests V6-
R1/R2. Thus, as figure 26 shows, the means for this harvest are much lower. The results from this study 
indicate that the calculation correctly reflects the relationship among hybrids, but underestimates the 
actual amount of leaf area produced. For this reason, only the plateau from V14 to R1/R2 is discussed 
and not the trend up to maturity. Comparing this to the drought stress treatment, these hybrids did not 
have any yield advantage. This could be because any yield advantage is lost to the ability of high 
complexity genotypes to explore more soil surface as the increase in root biomass indicates that high 
complexity genotypes have a greater amount of surface area in their root systems (Eshel and Beeckman, 
2013).  
21 
 
 
CONCLUSION 
 Across all three root studies focusing on biomass partitioning, drought response, and nitrogen 
response, maize hybrids with high complexity root systems produced more biomass overall than the low 
complexity root system hybrids. This is likely due the ability of this root system to more immediately 
capture resources like water and fertilizer in optimal conditions, as seen in the biomass partitioning 
study, and nitrogen added conditions. In the case of the drought response study, this root system likely 
allowed better resource capture prior to initiation of drought thus leading to overall more biomass being 
produced. Hybrids with low complexity root systems also plateaued, LH82*PHJ40, or even declined, 
PHG47*PHJ40 and B73*PHJ40, after the V15 stage when looking at the amount of LA. From this, it can 
be speculated that this set of hybrids partitions its resources in such a way that after flowering there is 
less emphasis on developing or sustaining vegetative biomass. 
 Under water-limited conditions, low root complexity hybrids yielded higher than high root 
complexity hybrids. This is likely due to the fact that the root system as a whole was smaller but had a 
steeper root angle, allowing deeper soil exploration for water and fewer resources allocated to the root 
system and maintenance of the root system. Low root complexity hybrids also had a less drastic rate of 
increase in leaf area accumulation after the R1/R2 growth stage than the high complexity hybrids in the 
water-limited conditions. This seems to indicate that these hybrids are partitioning fewer resources to 
the vegetative organs and, therefore, are better able to produce an appreciable amount of kernels 
during reproductive development when water is withheld during flowering. 
 Under conditions with no added nitrogen, all hybrids had the same yield, but hybrids with high 
complexity root systems had greater overall biomass; however, with added nitrogen, high complexity 
hybrids yielded significantly higher. This is likely due to the architecture and complexity of these root 
systems allowing rapid acquisition of the added nitrogen before it could be converted to plant-
inaccessible forms or leached into deeper soil layers. In the nitrogen response study, at a rate of 252.2 
kg/ha added, a similar LA production trend was seen as in the water-withheld treatment of the drought 
response study in that low complexity hybrids tended to have a less steep increase in LA near the time 
of flowering; however, unlike the drought response study, the low complexity hybrids yielded less under 
high nitrogen. This seems to indicate that under non-limited conditions, the increased LA allows better 
grain fill which would be related to the proposed advantage in resource capture by high complexity root 
systems. When no nitrogen was added we again saw that two low complexity hybrids, LH82*PHJ40 and 
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PHG47*PHJ40, plateaued with respect to the amount of LA produced around flowering. This did not 
relate to any yield advantage. 
 To continue this work, most of which represent new findings for the field of root architecture 
research, it would be interesting to continue the biomass/stress response studies in both field and 
greenhouse environments. It would provide valuable information to observe performance under a wider 
variety of stresses. It may also be informative to include architecture and architecture by complexity 
combinations. For example: wide vs narrow root angle, wide angle and high complexity vs wide angle 
and low complexity and so on. Additionally, the Gompertz equation can be used to determine 
biologically meaningful coefficients and curves. 
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FIGURES 
 
 
 
Figure 1 Depiction of the early maize root system. The radicle and seminal roots form 
the initial root system of the maize seedling that aid in nutrient acquisition and 
anchorage of the developing maize plant. The roots developing from the below ground 
nodes, called crown roots, along with lateral roots and brace roots form the primary 
root system of the mature maize plant. Lateral roots have a large influence on surface 
area and architecture in the mature root system of maize plants. Image credit: 
https://www.pioneer.com/home/site/us/agronomy/library/template.CONTENT/guid.B9
124F8E-23D4-230C-421D-F99754E7BA20 
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Figure 2 Image of maize root system as captured by root phenotyping platform. Using the methods 
described by Grift et al. (2011) these images can be used to describe the architecture and complexity of 
maize root systems. Noted in this diagram are the root architecture traits stem diameter (STD) and root 
angle (RTA) which were considered in the selection of the germplasm for the biomass partitioning study, 
the drought response study, and the nitrogen response study.  
 
 
Stem 
Diameter 
Root Angle  
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Figure 3 Diagram of randomized complete block design utilized in the biomass partitioning study in 
2012. Each color coded rectangle corresponds to one of four randomized blocks; there were six hybrids 
and four replications in randomized locations within each block. There were four harvests, one each at 
the developmental stages V6, V10, V15, and physiological maturity (MTR). 
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Figure 4 Phenotypic data collection method for biomass separation of above the ear plant half. To 
observe biomass partitioning for maize plants biomass components including leaf width and length, leaf 
weight, internode length, node diameter, and stem weight were observed. When present, the plant was 
further segmented into above and below the ear halves. The above the ear section, shown in this figure, 
also had biomass components that included the ear and tassel weights.  
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Figure 5 Phenotypic data collection method for biomass separation of below the ear plant half. At the 
point of division for above and below the ear plant halves, which was the node from which the ear and 
ear leaf originated, the below the ear half was evaluated for the traits leaf width and length, leaf weight, 
internode length, node diameter, and stem weight. Note that all other biomass, such as brace roots, 
were considered remaining biomass and were weighed separately. 
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Figure 6 Removal of root and soil core during root washing procedure. At all stages (V6, V10, V15, and 
physiological maturity (MTR)) in the biomass partitioning study and at physiological maturity in the 
drought response study root biomass was harvested and weighed. The first step in this process is the 
removal of the soil and root core from the pot. The core was contained in a large tub in the mobile root 
washing station.  
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Figure 7 Isolation of belowground biomass during root washing procedure. 
After removal of the soil and root core the root mass was carefully lifted from 
the loose soil. The objective of this step was to keep the root system as intact 
as possible by gently manually working excess soil away from the roots to 
facilitate root washing.  
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Figures 8 Cleaned root biomass at completion of root washing procedure. The root biomass was washed 
by spraying with a hose over a metal screen. The screen prevented loss of root biomass in the event that 
branches of the root system were broken during washing. The soil that remained after the root biomass 
was extracted was also sifted through the screen to ensure maximal retrieval of root biomass.  
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Figure 9 Diagram of split plot design utilized in the drought response study in 2013. Each color 
corresponds to one of nine randomized replications. The whole plot treatment factor was water 
application; either well-watered or water withheld. The split plot treatment factor was hybrid genotype. 
Leaf area was observed at the following stages: V6, V8, V10, V12, V15, and physiological maturity. At 
physiological maturity the maize plants were harvested, including the root system, and biomass 
components were evaluated.  
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Figure 10 Water-withheld pots covered with gravel to prevent evaporation of moisture from soil. Water-
withheld pots had the irrigation emitters removed and a layer of gravel (1 inch in depth) placed over the 
soil surface. This was to create a barrier between the soil and the air to prevent evaporative loss of 
moisture from the soil. Commercially available gravel was used.  
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Figure 11 Water-withheld pots covered with gravel to prevent evaporation of moisture from soil. 
Commercially available gravel was used. As a point of reference for scale, the red stake is 15 cm long and 
1.5 cm wide. 
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Figure 12 Field map of split plot design utilized in the nitrogen response study in 2013. This trial was 
planted in two row plots. There were whole plot treatment levels: no added nitrogen and 252.2 kg/ha 
added. There were six split plot treatment levels which were the hybrid genotypes. There were six 
replications. Six harvests were conducted. At V6, V8, V10, V14, and R1/R2 leaf area was calculated and 
plant weight was recorded. At physiological maturity, the additional traits ear weight, kernel weight, and 
cob weight were recorded. 
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Figure 13 Comparison of above and below ground biomass accumulation in biomass partitioning study. 
Hybrids had significantly different aboveground biomass at V6, V10, and MTR (indicated by PAbove values) 
but were only significantly different for belowground biomass at V10 and physiological maturity (indicated 
by Pbelow values). At physiological maturity the high complexity root system group of hybrids has 
significantly greater aboveground and belowground biomass accumulation (indicated by PRC values). 
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Figure 14 Leaf area production of hybrids at each observed developmental stage during the 
biomass partitioning study. Hybrids had significantly different leaf area at all stages after 
the V6 growth stage (indicated by PHybrid values). Root complexity groups had significantly 
different leaf area at the V10 stage and at physiological maturity (indicated by PRC values).  
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Figure 15 Decline in leaf area production after V15 as exhibited by two low complexity root system 
hybrids. This differs from the remaining hybrids which continue to increase leaf area or plateau. 
This suggests that these hybrids, specifically genotypes with low complexity root systems, are 
partitioning biomass differently than those genotypes with high complexity root systems. This 
decline in leaf area production occurs after the V15 stage, near the transition into reproductive 
growth stages.  
 
Growth Stage 
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Figure 16 Shoot:root ratio development of hybrids in the biomass partitioning study. Two distinct shoot:root ratio development trends can be 
observed. B73*PHJ40 and PHG47*PHG84 (left) exhibit a sustained emphasis on root production until after the V15 stage. The remaining four 
genotypes (right) show a shift from emphasis on root production to shoot production at the V10 stage before resuming an emphasis on root 
development at the V15 stage. Again, after the V15 stage the hybrids’ shoot:root ratio declines. It can be speculated that this decline occurs 
near the time of flowering when resources are being partitioned to flower development. Significant differences among hybrids for shoot:root 
ratio were seen at the V10 developmental stage and at physiological maturity (indicated PHybrid values). Root complexity groups differed 
significantly for shoot:root ratio at the V15 developmental stage and at physiological maturity (indicated by PRC values). 
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Figure 17 Leaf area production of well-watered and water-withheld treatment in the drought 
response study. Hybrids had significantly different leaf area at each developmental stage. Well-
watered and water-withheld treatments had significantly different leaf area at the two growth 
stages after which water was withheld (V15 and physiological maturity, indicated by PTreatment 
values). At physiological maturity, genotypes of high root complexity had significantly greater 
leaf area than genotypes of low root complexity (indicated by PRC values).  
 
Growth Stage 
PTreatment< 0.0015 
PTreatment < 0.0003 
PRC< 0.0001 
PRC< N.S. 
PRC< N.S. 
PRC< N.S. 
PRC< N.S. 
PRC< N.S. 
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Figure 18 Leaf area production of well-watered treatment in the drought response study. At 
each stage, hybrids had significantly different leaf area production (indicated by PHybrid 
values). At physiological maturity, genotypes with high root complexity had significantly 
greater leaf area produced than did genotypes with low root complexity. 
 
Growth Stage 
PHybrid<0.0001 
PHybrid <0.0001 
PHybrid <0.0001 
PHybrid <0.0001 
PHybrid <0.0071 
PHybrid <0.0001 
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Figure 19 Leaf area production of water-withheld treatment in the drought response 
study. At each stage, hybrids had significantly different leaf area production (indicated by 
PHyrbid values). At physiological maturity, genotypes with high root complexity had 
significantly greater leaf area produced than did genoypes with low root complexity. 
 
Growth Stage 
PHybrid<0.0001 
PHybrid <0.0001 
PHybrid <0.0001 
PHybrid <0.0001 
PHybrid <0.0071 
PHybrid <0.0001 
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Figure 20 Partitioning of aboveground and belowground biomass for well-watered treatment 
in the drought response study. The grouping (indicated by lettering above/below the bars) 
was conducting using Least Significant Different (LSD) separation. Hybrids and root 
complexity groups had significantly different aboveground biomass as well as significantly 
different root biomass (belowground biomass). In both cases genotypes from the high 
complexity root group had greater biomass than the low complexity root group. Hybrids 
underlined in blue have a low complexity root system and those in orange have a high 
complexity root system. 
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Figure 21 Partitioning of aboveground and belowground biomass for water-withheld 
treatment in the drought response study. The grouping (indicated by lettering 
above/below the bars) was conducting using Least Significant Different (LSD) 
separation. Hybrids and root complexity groups had significantly different 
aboveground biomass as well as significantly different root biomass (belowground 
biomass). In both cases genotypes from the high complexity root group had greater 
biomass than the low complexity root group. The water-withheld treatment had lower 
total amounts of biomass produced. Hybrids underlined in blue have a low complexity 
root system and those in orange have a high complexity root system. 
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Figure 22 Partitioning of ear components and belowground biomass for well-watered treatment 
in the drought response study. The grouping (indicated by lettering above/below the bars) was 
conducting using Least Significant Different (LSD) separation. Genotypes with low root 
complexity had significantly higher yield than the genotypes with high root complexity. This 
could be due to the lower metabolic demands of having a smaller root system allowing more 
resources to be allocated to the development of the kernels. Hybrids underlined in blue have a 
low complexity root system and those in orange have a high complexity root system. 
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Figure 23 Partitioning of ear components and belowground biomass for water-withheld 
treatment in the drought response study.  The only two hybrids with appreciable yield 
(PHG47*PHJ40 and LH82*PHJ40) were genotypes from the low root complexity group. As with 
the well-watered treatment, the low complexity root group yielded higher than the high 
complexity genotypes. This type of root system may be better able to conduct deep soil 
exploration for water. The water-withheld treatment produced significantly smaller ears, even 
in the high yielding lines. Hybrids underlined in blue have a low complexity root system and 
those in orange have a high complexity root system. 
.
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Figure 24 Partitioning of aboveground biomass for well-watered treatment in the drought response 
study. In terms of biomass produced, with the exception of ear weight, genotypes from the high 
complexity root group yield significantly greater than genotypes from the low complexity root 
group. Hybrids underlined in blue have a low complexity root system and those in orange have a 
high complexity root system. 
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Figure 25 Partitioning of aboveground biomass for water-withheld treatment in the drought 
response study. In terms of biomass produced, with the exception of ear weight, genotypes from 
the high complexity root group yield significantly greater than genotypes from the low complexity 
root group. Total amount of biomass produced, in all categories, was less than that of the well-
watered treatment. Hybrids underlined in blue have a low complexity root system and those in 
orange have a high complexity root system. 
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 Figure 26 Leaf area production when no nitrogen was added and 252.2 kg/ha added 
treatments in Nitrogen Response Study. There were signifcant differences in leaf area 
produced among hybrids at all stages (indicated by PHybrid values). Leaf area was significantly 
different between treatments at every stage after V6 (indicated by significance PTreatment). 
Root complexity groups had significantly different leaf area produced at V6, R1/R2, and 
physiological maturity. Leaf area was directly measured at V6, V8, V10, V14, and R1/R2. At 
physiological maturity, ear leaf data was collected and leaf area was derived. Although the 
relationships among hybrids are consistent with the results in other analyses of this study, 
this method underestimates the actual leaf area produced at maturity. For this reason, this 
set of data points is shown to illustrate the relationship but not connected the the other 
leaf area trends to avoid indicating that there was a significant decline in leaf area at 
maturity. Hybrids underlined in blue have a low complexity root system and those in 
orange have a high complexity root system. 
 
PHybrid<0.0001 
PHybrid <0.0319 
PHybrid <0.0108 
PHybrid <0.0689 
PHybrid <0.0001 
PHybrid <0.0001 
PTreatment<0.0001 
PTreatment <0.0001 
PTreatment <0.0001 
PTreatment <0.0001 
PTreatment<N.S. 
PTreatment<N.S. 
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Figure 27 Leaf area production plateau exhibited by two low root complexity genotypes 
when no N was provided. The two low root complexity group genotypes LH82*PHJ40 and 
PHG47*PHJ40 showed a plateau in leaf area production starting near the V14 growth 
stage. This trend was not seen in the other hybrids at this treatment level, nor was it seen 
in the high nitrogen (252.2 kg/ha) treatment. This may be an indication that low 
complexity hybrids partition their resources differently as reproductive growth stages 
approach. This is similar to the unique partitioning trend seen in the biomass partitioning 
study. Hybrids underlined in blue have a low complexity root system and those in orange 
have a high complexity root system. 
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Figure 28 Biomass partitioning of hybrids with no added N. With no added nitrogen, there were no 
significant differences in terms of yield (ear or kernel weight). Genotypes with high root complexity had 
significantly more biomass, due to having greater plant weight and cob weights. Compared to the 252.2 
kg/ha treatment, the no nitrogen added treatment had overall less biomass produced in each category. 
Hybrids underlined in blue have a low complexity root system and those in orange have a high 
complexity root system. 
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Figure 29 Biomass partitioning of hybrids with 252.2 kg/ha added. At 252.2 kg/ha genotypes with high 
root complexity had significantly greater yield, in terms of ear and kernel weight, as well as greater plant 
weights. The added surface area from having more complexity and therefore more branching may allow 
these genotypes to be more quick and efficient in taking up N before it leaches or is converted to plant 
unavailable forms. It is also possible that without limitations in growing conditions, having more biomass 
and greater leaf area allow an extended grain fill period. Hybrids underlined in blue have a low 
complexity root system and those in orange have a high complexity root system. 
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TABLES 
Table 1 List of acronyms used and corresponding definitions and units 
Acronym Definition Unit 
%COB The percent of total biomass that is cob 
   
             
     
   
%EAR The percent of total biomass that is ear 
   
             
     
   
%KERNEL The percent of total biomass that is kernel 
      
             
     
   
%LEAF The percent of total biomass that is leaf 
    
             
     
   
%ROOT The percent of total biomass that is root 
    
             
     
   
%STEM The percent of total biomass that is stem 
    
             
     
   
%TASSEL The percent of total biomass that is tassel 
      
             
     
   
CWT Cob Weight g 
   
EHT Ear Height  
   
EWT Ear Weight g 
   
EX-PVP 
Ex- Plant Variety Protection; hybrids that 
are no longer protected by Plant Variety 
Protection Patent 
 
   
FD Fractal Dimension  
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Table 1 (cont.) 
Acronym Definition Unit 
FDH 
Fractal Dimension - Horizontal; FD value 
from the perspective of underneath the 
root system where the point of attachment 
to the stem is the "top" 
 
   
FDV 
Fractal Dimension - Vertical; FD value from 
the perspective of the side view of the root 
system where the point of attachment to 
the stem is the "top" 
 
   
H20- Water withheld during flowering  
   
H20+ Well watered all season  
   
IDW Internode Width mm 
   
KWT Kernel Weight g 
   
LA Leaf Area mm
2
 
   
LLN Leaf Length mm 
   
LSD Least Significant Difference  
   
LWD Leaf Width mm 
   
LWT Leaf Weight g 
   
MF200 Maxwell Field 200  
   
MTR Physiological Maturity  
   
PCF Plant Care Facility  
   
PHT Plant Height  
   
PWT Plant Weight g 
   
RC Root Complexity (group)  
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Table 1 (cont.) 
Acronym Definition Unit 
RCBD Randomized Complete Block Design  
   
RTA Root Angle ° (degrees) 
   
RWT Root Weight g 
   
S:R Shoot to Root ratio 
              ( )
             ( )
 
   
SPAD Spadmeter reading value  
   
STD Stem Diameter  
   
STG Stay Green  
   
SWT Stem Weight g 
   
TAB Total Aboveground Biomass g 
   
TVB Total Vegetative Biomass g 
   
TWT Tassel Weight g 
   
UIUC University of Illinois at Urbana-Champaign 
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 Table 2 Hybrid selection based on root complexity and architecture and corresponding root complexity group 
  Phenotype
†
 
Genotype CROSS RCG FDV FDH RTA STD MF FF SPAD PHT EHT STG YLD 
PHG39*PHZ51 SN + 0.045 0.031 9 2.9 71.33 73 59.45 269.17 127 5.17 202.31 
B73*PHZ51 SN + 0.041 0.038 -5.1 8.6 70.17 71.83 57.52 261.17 129.83 3.33 181.8 
PHG47*PHG84 NN + 0.036 0.014 11.5 -16.3 72.17 72.83 57.18 228.33 105.33 3.67 191.44 
B73*PHJ40 SS - -0.043 -0.004 -13.5 -2.9 66.33 68 54.92 213.83 104.33 1.17 181.44 
LH82*PHJ40 SN - -0.061 -0.032 -4.8 -22 64.33 64.83 57.55 189.5 91 2.17 179.78 
PHG47*PHJ40 SN - -0.062 -0.041 -4.4 -36.9 65 65.5 58.52 206.67 96.17 1.33 188.73 
†
RCG-Root Complexity Group where + is high complexity and - is low complexity; FDV- Fractal Dimension Vertical; FDH- Fractal Dimension Horizontal; RTA- Root Angle; STD-
Stem Diameter; SPAD-Spadmeter Reading; PHT-Plant Height; EHT-Ear Height; STG-Stay Green; YLD-Yield; SS-Stiff Stalk *Stiff Stalk; SN-Stiff Stalk*Non-Stiff Stalk 
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Table 3 Traits observed or measured at each harvest during the 2012 biomass partitioning study and the corresponding abbreviation 
V6 V10 V15 MATURITY 
TRAIT 
 
TRAIT 
 
TRAIT 
 
TRAIT 
 
Root Weight RWT Root Weight RWT Root Weight RWT Root Weight RWT 
        
Leaf Weight LWT Stem Weight SWT Stem Weight SWT Stem Weight-Below Ear SWB 
        
Leaf Width LWD Leaf Weight LWT Leaf Weight LWT Stem Weight-Above Ear SWA 
        
Leaf Length LLN Leaf Width LWD Leaf Width LWD Stem Weight (Total) SWT 
        
Total Vegetative Biomass TVB Leaf Length LLN Leaf Length LLN Leaf Weight-Below Ear LWB 
        
Total Aboveground 
Vegetative Biomass 
TAB Internode Width IWD Internode Width IWD Leaf Weight-Above Ear LWB 
        
Remaining Biomass RMB Internode Length ILN Internode Length ILLN Leaf Weight (Total) LWT 
        
Leaf Area LA 
Total Vegetative 
Biomass 
TVB 
Total Vegetative 
Biomass 
TVB Tassel Weight TWT 
        
Shoot to Root Ratio S:R 
Total Aboveground 
Vegetative Biomass 
TAB 
Total Aboveground 
Vegetative Biomass 
TAB Leaf Width LWD 
        
Days After Planting DAP Remaining Biomass RMB Remaining Biomass RMB Leaf Length LLN 
        
Percentage of Biomass 
from Roots 
%Root Leaf Area LA Leaf Area LA Internode Width IWD 
        
Percentage of Biomass 
from Stem 
%Stem Shoot to Root Ratio S:R Shoot to Root Ratio S:R Internode Length ILN 
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Table 3 (cont.) 
V6 V10 V15 MATURITY 
TRAIT 
 
TRAIT 
 
TRAIT 
 
TRAIT 
 
Percentage of Biomass 
from Leaf 
%Leaf Days After Planting DAP Days After Planting DAP Total Vegetative Biomass TVB 
        
Percentage of Biomass 
from Tassel 
%Tassel 
Percentage of Biomass 
from Roots 
%Root 
Percentage of Biomass 
from Roots 
%Root 
Total Aboveground 
Vegetative Biomass 
TAB 
  
Percentage of Biomass 
from Stem 
%Stem 
Percentage of Biomass 
from Stem 
%Stem Remaining Biomass RMB 
        
  
Percentage of Biomass 
from Leaf 
%Leaf 
Percentage of Biomass 
from Leaf 
%Leaf Leaf Area LA 
        
  
Percentage of Biomass 
from Tassel 
%Tassel 
Percentage of Biomass 
from Tassel 
%Tassel Shoot to Root Ratio S:R 
        
      
Days After Planting DAP 
        
      
Total Number of Leaves LNM 
        
      
Percentage of Biomass 
from Roots 
%Root 
        
      
Percentage of Biomass 
from Stem 
%Stem 
        
      
Percentage of Biomass 
from Leaf 
%Leaf 
        
      
Percentage of Biomass 
from Tassel 
%Tassel 
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Table 4 Traits observed or measured at each vegetative stage during the 2013 drought response study and the corresponding 
abbreviation 
V6 V8 V10 V12 V15 
TRAIT   TRAIT   TRAIT   TRAIT   TRAIT   
Leaf Width LWD Leaf Width LWD Leaf Width LWD Leaf Width LWD Leaf Width LWD 
          
Leaf Length LLN Leaf Length LLN Leaf Length LLN Leaf Length LLN Leaf Length LLN 
          
Leaf Area LA Leaf Area LA Leaf Area LA Leaf Area LA Leaf Area LA 
          
Days After Planting DAP Days After Planting DAP Days After Planting DAP Days After Planting DAP Days After Planting DAP 
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Table 5 Traits observed or measured at physiological maturity during the 
2013 drought response study and the corresponding abbreviation 
MATURITY 
TRAIT 
Root Weight RWT 
  
Stem Weight Below Ear SWB 
  
Stem Weight Above Ear SWA 
  
Stem Weight (Total) SWT 
  
Leaf Weight Below Ear LWB 
  
Leaf Weight Above Ear LWA 
  
Leaf Weight (Total) LWT 
  
Ear Weight EWT 
  
Kernel Weight KWT 
  
Cob Weight CWT 
  
Tassel Weight TWT 
  
Leaf Width LWD 
  
Leaf Length LLN 
  
Leaf Area LA 
  
Total Vegetative Biomass TVB 
  
Total Aboveground Vegetative Biomass TAB 
  
Remaining Biomass RMB 
  
Shoot to Root Ratio S:R 
  
Total Number of Leaves LNM 
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Table 5 (cont.) 
MATURITY DAP 
TRAIT  
Percentage of Biomass from Stem %Stem 
  
Percentage of Biomass from Leaf %Leaf 
  
Percentage of Biomass from Root %Root 
  
Percentage of Biomass from Tassel %Tassel 
  
Percentage of Biomass from Ear %Ear 
  
Percentage of Biomass from Kernel %Kernel 
  
Percentage of Biomass from Cob %Cob 
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Table 6 Traits observed or measured at each developmental stage during the 2013 nitrogen response study and the corresponding 
abbreviation 
V6 V8 V10 V14 R1/R2 MATURITY 
TRAIT 
 
TRAIT 
 
TRAIT 
 
TRAIT 
 
TRAIT 
 
TRAIT 
 
Leaf Width LWD Leaf Width LWD Leaf Width LWD Leaf Width LWD Leaf Width LWD Leaf Width LWD 
            
Leaf Length LLN Leaf Length LLN Leaf Length LLN Leaf Length LLN Leaf Length LLN Leaf Length LLN 
            
Plant Weight PWT Plant Weight PWT Plant Weight PWT Plant Weight PWT Plant Weight PWT Ear Weight EWT 
            
Leaf Area LA Leaf Area LA Leaf Area LA Leaf Area LA Leaf Area LA Kernel Weight KWT 
            
Total Leaf 
Number 
TLN 
Total Leaf 
Number 
TLN 
Total Leaf 
Number 
TLN 
Total Leaf 
Number 
TLN 
Total Leaf 
Number 
TLN Cob Weight CWT 
            
Days After 
Planting 
DAP 
Days After 
Planting 
DAP 
Days After 
Planting 
DAP 
Days After 
Planting 
DAP 
Days After 
Planting 
DAP Plant Weight PWT 
            
          
Leaf Area LA 
            
          
Total Leaf Number LNM 
            
          
Days After Planting DAP 
            
          
Percentage of 
Biomass from Ear 
%Ear 
            
          
Percentage of 
Biomass from 
Kernel 
%Kernel 
            
          
Percentage of 
Biomass from Cob 
%Cob 
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Table 7 Means of hybrids in the biomass partitioning study grown under optimal conditions 
  Hybrid 
Trait‡ Harvest PHG47*PHJ40 LH82*PHJ40 PHG39*PHZ51 B73*PHZ51 B73*PHJ40 PHG47*PHG84 LSD (0.05) † 
   
  -----------------------------------------------------------------------------------------------   ------------------------------------------------------------------------------------------ 
LA (10-4) 1 4.24 4.43 4.10 3.78 4.48 4.30 0.60 
 
2 19.69 19.93 19.88 17.17 19.39 23.72 2.49 
 
3 51.54 49.89 49.20 46.12 50.20 56.57 6.07 
 
4 39.79 51.12 73.28 61.69 38.65 66.27 9.90 
LSD (0.05) 
 
8.02 3.66 6.19 5.43 9.48 3.50  
         
  ---------------------------------------------------------------------------------------------g-------------------------------------------------------------------------------------------- 
LWT 1 6.9 8.6 7.7 7.3 8.9 10.6 2.6 
 
2 17.6 16.9 17.5 12.3 17.0 21.1 3.0 
 
3 54.6 49.8 50.2 44.1 54.2 55.9 8.6 
 
4 63.2 545.8 88.6 71.9 63.5 81.0 8.6 
LSD (0.05) 
 
3.8 8.7 10.2 6.4 10.8 12.0 
 
         
SWT 2 16.4 18.1 20.6 11.9 20.2 18.5 5.8 
 
3 58.1 48.4 59.7 53.8 59.9 58.9 11.5 
 
4 94.5 66.2 167.8 134.6 125.9 94.1 25.1 
LSD (0.05) 
 
23.7 13.9 12.1 12.1 17.6 20.1 
 
         
RWT 1 0.9 1.2 1.4 0.9 0.9 1.3 0.4 
 
2 6.3 5.3 7.2 4.6 7.7 11.0 3.2 
 
3 15.7 15.8 20.9 21.7 20.8 25.1 7.4 
 
4 11.8 8.6 27.9 22.8 16.3 26.5 7.8 
LSD (0.05) 
 
2.5 3.1 6.5 4.3 9.8 9.0 
 
         
TWT 4 3.4 3.1 3.6 4.5 2.2 5.1 3.8 
         
TVB 1 7.8 9.8 9.1 8.2 9.8 11.9 2.8 
 
2 40.3 40.3 45.3 28.8 44.9 50.6 10.7 
 
3 128.4 114.0 130.7 119.6 134.9 140.0 23.5 
 
4 172.7 132.6 287.9 233.7 207.8 206.7 37.9 
LSD (0.05) 
 
23.3 20.3 18.6 14.8 32.0 36.7 
 
         
TAB 1 6.9 8.6 7.7 7.3 8.9 10.6 2.6 
 
2 34.0 35.0 38.0 24.2 37.2 39.5 7.9 
 
3 112.7 98.2 109.8 97.9 114.1 114.9 18.9 
 
4 161.0 124.1 260.0 210.9 191.5 180.2 32.0 
LSD (0.05) 
 
21.4 18.7 14.0 13.1 24.5 28.3 
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Table 7 (cont.) 
  Hybrid 
Trait‡ Harvest PHG47*PHJ40 LH82*PHJ40 PHG39*PHZ51 B73*PHZ51 B73*PHJ40 PHG47*PHG84 LSD (0.05) † 
  -------------------------------------------------------------------------------S:R------------------------------------------------------------------------------ 
S:R 1 7.9 7.7 5.7 8.4 10.6 8.7 3.4 
 
2 5.6 7.0 5.4 5.8 5.2 3.7 2.0 
 
3 7.2 6.4 5.7 4.6 6.3 4.6 2.1 
 
4 13.7 14.5 9.8 9.5 13.5 7.2 3.5 
LSD (0.05) 
 
2.7 2.6 2.3 4.0 5.5 2.2 
 
         
  -----------------------------------------------------------------------------------%--------------------------------------------------------------------------- 
% Stem 2 39.5 40.4 46.8 41.8 47.1 40.3 7.6 
 
3 44.3 43.3 45.6 44.0 41.5 45.1 7.3 
 
4 49.2 50.3 54.1 55.7 59.1 46.6 4.3 
LSD (0.05) 
 
8.6 3.5 6.4 7.9 9.1 8.6 
 
         
% Leaf 1 87.8 87.7 84.7 88.5 90.8 89.4 4.4 
 
2 44.5 42.1 38.7 42.8 38.6 42.2 6.9 
 
3 42.5 43.7 38.3 36.9 40.3 40.1 3.2 
 
4 37.0 41.4 30.7 30.7 30.6 39.5 3.7 
LSD (0.05)  7.8 5.0 4.3 4.6 3.8 5.0  
         
% Root 1 12.2 12.3 15.3 11.5 9.2 10.6 4.4 
 
2 15.5 12.9 15.8 15.9 16.7 21.7 4.3 
 
3 12.2 13.9 15.9 18.2 15.2 18.0 4.2 
 
4 6.8 6.5 9.6 9.7 7.6 12.5 2.2 
LSD (0.05) 
 
3.5 4.3 3.9 5.9 5.2 3.8 
 
         
%Tassel 4 2.0 2.4 1.2 1.9 1.0 2.5 3.8 
†LSD Values are indicative of the least significant difference at an α = 0.05 level 
‡LA- Leaf Area; LWT- Leaf Weight; SWT-Stem Weight; RWT-Root Weight; TWT-Tassel Weight; TVB- Total Vegetative Biomass; TAB- Total Above Ground Biomass; 
S:R- Shoot to Root (Shoot:Root) ratio; % Stem- Percent of Total Biomass Comprised of Stem; % Leaf- Percent of Total Biomass Comprised of Leaf; % Root- Percent of 
Total Biomass Comprised of Root; % Tassel- Percent of Total Biomass Comprised of Tassel 
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Table 8 Means of hybrids grown in drought response study 
  
Hybrid‡ 
  
P
H
G
4
7
*P
H
J4
0 
LH
8
2
*P
H
J4
0 
P
H
G
3
9
*P
H
Z5
1 
B
7
3
*P
H
Z5
1 
B
7
3
*P
H
J4
0 
P
H
G
4
7
*P
H
G
8
4 
LSD† 
(0.05) 
Trait¶ 
Harves
t 
+ - + - + - + - + - + - 
 
   
  ------------------------------------------------------------------------------------------------------mm2-------------------------------------------------------------------------------------------------------- 
LA (10-4) 1 5.25 5.38 5.13 4.91 5.30 5.20 5.19 5.25 5.87 5.86 6.15 5.81 0.24 
 
2 13.54 13.30 13.56 12.88 12.53 12.87 12.57 12.59 14.48 14.30 15.24 14.08 0.70 
 
3 25.17 24.70 25.56 24.13 23.43 23.30 23.35 23.03 26.66 26.09 28.22 26.46 1.04 
 
4 36.46 36.37 35.72 34.31 34.22 34.09 34.06 33.78 36.13 36.67 39.81 39.11 1.82 
 
5 50.39 50.32 48.59 46.82 50.07 49.02 47.31 46.27 48.71 51.74 53.49 55.00 3.10 
 
6 53.96 54.38 51.60 50.51 65.63 66.64 60.25 62.06 55.34 59.62 60.33 62.84 3.87 
LSD (0.05) 
 
2.48 1.87 1.88 2.71 6.96 4.20 2.92 3.75 3.10 2.63 3.04 3.43 
 
               
  --------------------------------------------------------------------------------------------------------g----------------------------------------------------------------------------------------------------------- 
LWT 6 59.2 60.0 52.0 53.4 93.6 95.8 79.8 83.9 71.4 71.7 77.8 71.4 5.1 
               
SWT 6 77.7 75.5 67.0 73.9 150.2 141.8 110.7 112.1 104.6 107.0 97.6 93.4 8.9 
               
RWT 6 20.7 20.1 13.8 16.8 41.1 40.6 29.4 34.1 31.7 23.7 29.9 27.6 6.6 
               
TWT 6 8.8 8.4 6.6 5.9 13.0 12.0 11.3 10.4 8.1 7.2 12.1 11.4 1.1 
               
EWT 6 54.4 15.1 107.4 33.3 15.1 6.9 18.8 3.8 20.4 1.8 31.2 7.2 17.3 
               
KWT 6 40.8 11.4 89.6 27.2 2.3 0.0 5.7 0.0 6.8 0.0 6.4 0.1 14.2 
               
CWT 6 13.6 3.7 17.9 6.1 12.8 6.9 13.1 3.8 13.7 1.8 24.8 7.1 4.3 
               
TVB 6 250.2 205.5 269.4 214.5 380.1 327.8 295.7 273.8 280.1 232.0 315.0 256.1 27.5 
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Table 8 (cont.) 
  
Hybrid‡ 
  
P
H
G
4
7
*P
H
J4
0 
LH
8
2
*P
H
J4
0 
P
H
G
3
9
*P
H
Z5
1 
B
7
3
*P
H
Z5
1 
B
7
3
*P
H
J4
0 
P
H
G
4
7
*P
H
G
8
4 
LSD† 
(0.05) 
Trait¶ Harvest + - + - + - + - + - + - 
 
TAB 6 229.5 185.4 255.6 197.7 338.9 287.2 266.3 239.7 248.4 208.3 285.2 228.5 23.3 
               
  -------------------------------------------------------------------------------------------------------S:R---------------------------------------------------------------------------------------------------------- 
S:R 6 12.3 9.5 18.9 13.0 8.5 8.2 9.6 7.9 9.0 9.2 10.2 8.4 1.7 
               
  -------------------------------------------------------------------------------------------------------%----------------------------------------------------------------------------------------------------------- 
%Stem 6 31.5 36.9 25.1 34.6 39.6 43.9 37.4 41.1 38.3 46.0 31.0 38.8 2.6 
               
%Leaf 6 24.1 29.4 19.6 25.1 24.7 30.0 27.0 31.1 26.1 31.0 24.8 27.8 1.9 
               
%Root 6 8.4 9.8 5.1 7.8 10.7 11.7 10.0 11.9 10.8 10.2 9.3 10.8 1.6 
               
%Tassel 6 3.6 4.2 2.5 2.8 3.5 3.8 3.9 3.9 2.9 3.1 3.9 4.5 0.5 
               
%Ear 6 24.4 10.0 44.8 21.0 11.8 4.0 13.1 3.0 12.3 3.0 15.2 5.1 6.2 
               
%Kernel 6 14.8 5.1 32.7 12.5 0.7 0.0 1.9 0.0 2.1 0.0 2.1 0.0 5.3 
               
%Cob 6 5.3 1.7 6.5 2.9 3.5 1.9 4.4 1.4 4.6 0.8 7.9 2.6 1.3 
†LSD Values are indicative of the least significant difference at an α = 0.05 level 
‡+ indicates well-watered treatment;  - indicates water-withheld 
¶LA- Leaf Area; LWT- Leaf Weight; SWT-Stem Weight; RWT-Root Weight; TWT-Tassel Weight; EWT- Ear Weight; KWT- Kernel Weight; CWT- Cob Weight; TVB- Total Vegetative Biomass; TAB- Total 
Above Ground Biomass; S:R- Shoot to Root (Shoot:Root) ratio; % Stem- Percent of Total Biomass Comprised of Stem; % Leaf- Percent of Total Biomass Comprised of Leaf; % Root- Percent of Total 
Biomass Comprised of Root; % Tassel- Percent of Total Biomass Comprised of Tassel; % Ear- Percent of Total Biomass Comprised of Ear; % Kernel- Percent of Total Biomass Comprised of Kernel; % 
Cob- Percent of Total Biomass Comprised of Cob 
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Table 9 Means of hybrids grown in nitrogen response study 
  
Hybrid
‡
 
  
PHG47*PHJ40 LH82*PHJ40 PHG39*PHZ51 B73*PHZ51 B73*PHJ40 PHG47*PHG84 
LSD 
(0.05)
†
 
Trait
¶
 Harvest + - + - + - + - + - + - 
 
   
  -------------------------------------------------------------------------------mm
2
--------------------------------------------------------------------------------- 
LA (10
-4
) 1 2.59 2.61 2.50 2.47 2.38 2.37 2.12 2.06 2.66 2.84 2.86 2.57 0.25 
 
2 10.73 8.17 9.65 7.49 9.66 7.58 9.16 6.64 9.23 6.99 9.77 8.23 1.00 
 
3 22.93 14.63 17.58 12.51 20.46 16.13 16.84 14.01 17.67 13.43 19.17 14.17 2.51 
 
4 34.32 26.32 30.15 23.27 35.76 25.53 32.86 24.76 35.59 24.69 33.20 22.53 3.02 
 
5 38.32 27.29 34.02 25.50 45.51 34.85 38.64 28.51 43.40 30.48 44.60 31.19 3.81 
 
6 19.23 14.69 16.28 13.06 21.64 17.03 18.66 14.71 19.43 14.58 20.01 14.79 1.72 
LSD 
(0.05)  
4.05 3.47 2.80 2.37 30.48 3.16 2.88 2.77 5.79 2.64 3.15 2.76 
 
               
  ---------------------------------------------------------------------------------g------------------------------------------------------------------------------------ 
PWT 1 4.7 4.5 3.7 3.5 4.7 5.2 4.3 4.2 3.9 4.3 5.7 4.3 0.7 
 
2 22.4 18.3 20.3 15.8 22.0 17.7 21.7 17.6 20.9 18.5 22.3 16.2 2.5 
 
3 44.4 32.6 36.3 22.8 40.3 35.3 34.7 29.8 38.8 30.5 39.7 25.7 5.4 
 
4 88.4 62.7 60.8 46.9 88.2 66.5 96.9 77.6 91.4 71.9 81.8 54.1 10.2 
 
5 123.4 74.1 104.4 66.6 133.8 97.2 115.5 86.8 132.9 100.2 124.5 85.1 23.6 
 
6 183.4 102.1 180.1 95.7 289.9 152.5 271.6 130.8 223.2 127.0 223.8 132.5 22.5 
LSD 
(0.05)  
14.1 9.9 11.6 10.7 19.8 14.1 17.1 16.6 19.7 17.5 24.4 14.0 
 
               
EWT 6 119.3 57.3 120.3 56.3 165.6 68.2 162.5 52.3 142.6 66.9 126.1 65.9 15.9 
               
KWT 6 103.8 49.8 101.6 46.3 131.9 52.8 135.7 41.3 120.0 55.1 114.8 56.1 12.6 
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Table 9 (cont.) 
  
Hybrid
‡
 
  
PHG47*PHJ40 LH82*PHJ40 PHG39*PHZ51 B73*PHZ51 B73*PHJ40 PHG47*PHG84 
LSD 
(0.05)
†
 
Trait
¶
 Harvest + - + - + - + - + - + - 
 
CWT 6 15.5 7.4 18.7 9.9 33.7 15.3 26.8 11.1 22.6 11.8 19.7 9.8 2.7 
               
  ---------------------------------------------------------------------------%------------------------------------------------------------------------- 
% Ear 6 64.9 56.0 66.7 58.5 57.0 43.9 60.2 37.1 63.7 51.9 54.0 49.7 4.5 
               
%Kernel 6 56.5 48.7 56.3 48.1 45.4 33.9 50.2 28.9 53.6 42.7 52.5 42.4 3.8 
               
% Cob 6 8.4 7.2 10.4 10.4 11.6 10.0 10.0 8.3 10.2 9.3 9.0 7.4 0.8 
†
LSD Values are indicative of the least significant difference at an α = 0.05 level 
‡
+ indicates nitrogen fertilization was applied at 225 lb/acre; - indicates no added nitrogen fertilization 
¶
LA- Leaf Area; PWT- Plant Weight; EWT- Ear Weight; KWT- Kernel Weight; CWT- Cob Weight; ; % Ear- Percent of Total Biomass Comprised of Ear; % 
Kernel- Percent of Total Biomass Comprised of Kernel; % Cob- Percent of Total Biomass Comprised of Cob 
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Table 10 Means of hybrids in high and low root complexity groups in the biomass  
partitioning study grown under optimal conditions 
  Group‡  
  L H  
Trait¶ Harvest PHG47*PHJ40 
LH82*PHJ40 
B73*PHJ40 
B73*PHZ51 
PHG39*PHZ51 
PHG47*PHG84 
LSD (0.05)† 
   
  --------------------------------------mm2----------------------------------------- 
LA 1 438.40 406.80 34.24 
 2 1966.98 2025.88 221.99 
 3 5054.31 5063.23 429.32 
 4 4318.37 6708.26 706.75 
LSD (0.05)  435.27 389.75  
     
  ----------------------------------------g------------------------------------------- 
LWT 1 8.1 8.5 175.0 
 2 17.2 16.9 2.9 
 3 52.9 50.1 5.6 
 4 60.5 80.5 6.9 
LSD (0.05)  4.2 5.9  
     
SWT 2 18.2 17.0 4.0 
 3 55.5 57.5 6.9 
 4 95.5 132.2 29.2 
LSD (0.05)  15.5 17.8  
     
RWT 1 1.0 1.2 0.3 
 2 6.5 7.6 2.5 
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Table 10 (cont.) 
  Group‡  
  L H  
Trait¶ Harvest PHG47*PHJ40 
LH82*PHJ40 
B73*PHJ40 
B73*PHZ51 
PHG39*PHZ51 
PHG47*PHG84 
LSD (0.05)† 
 3 17.5 22.5 4.3 
 4 12.2 25.7 4.7 
LSD (0.05)  3.3 3.6  
     
TWT 4 2.9 4.4 11.5 
     
TVB 1 9.1 9.7 1.9 
 2 41.8 41.5 8.4 
 3 125.8 130.1 14.4 
 4 171.1 242.7 36.4 
LSD (0.05)  18.5 19.9  
     
TAB 1 8.1 8.5 1.8 
 2 35.4 33.9 2.1 
 3 108.3 107.5 11.8 
 4 158.9 217.0 33.3 
LSD (0.05)  16.1 18.0  
     
  ------------------------------------------S:R--------------------------------------- 
S:R  1 8.7 7.6 2.1 
 2 5.9 5.0 1.3 
 3 6.6 4.9 1.2 
 4 13.9 8.8 2.0 
LSD (0.05)  1.9 1.6  
70 
 
 
Table 10 (cont.) 
  Group‡  
  L H  
Trait¶ Harvest PHG47*PHJ40 
LH82*PHJ40 
B73*PHJ40 
B73*PHZ51 
PHG39*PHZ51 
PHG47*PHG84 
LSD (0.05)† 
  ---------------------------------------%-------------------------------------------- 
% Stem 2 42.3 43.0 4.8 
 3 43.0 44.9 3.8 
 4 52.9 52.1 4.6 
LSD (0.05)  4.6 4.1  
     
% Leaf 1 88.8 87.5 2.8 
 2 41.7 41.3 4.1 
 3 42.2 38.5 2.1 
 4 36.3 33.7 4.5 
LSD (0.05)  3.6 3.1  
     
% Root 1 11.2 12.5 2.8 
 2 15.0 17.8 3.0 
 3 13.8 17.4 2.4 
 4 7.0 10.6 1.5 
LSD (0.05)  2.3 2.7  
     
%Tassel 4 1.8 2.1 11.5 
†
LSD Values are indicative of the least significant difference at an α = 0.05 level 
‡
L- Indicates hybrid has a low complexity root system; H- Indicates hybrid has a high complexity root system 
¶
LA- Leaf Area; LWT- Leaf Weight; SWT-Stem Weight; RWT-Root Weight; TWT-Tassel Weight; TVB- Total Vegetative 
Biomass; TAB- Total Above Ground Biomass; S:R- Shoot to Root (Shoot:Root) ratio; % Stem- Percent of Total Biomass 
Comprised of Stem; % Leaf- Percent of Total Biomass Comprised of Leaf; % Root- Percent of Total Biomass Comprised of 
Root; % Tassel- Percent of Total Biomass Comprised of Tassel 
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Table 11 Means of hybrids in high and low root complexity groups grown in drought response study  
  Group
‡¶
 
  L H  
Trait
§
 Harvest PHG47*PHJ40 
LH82*PHJ40 
B73*PHJ40 
B73*PHZ51 
PHG39*PHZ51 
PHG47*PHG84 
LSD (0.05)
†
 
  + - + -  
   
  --------------------------------------------------------------mm
2
----------------------------------------------------------------- 
LA (10
-3
) 1 54.17 53.83 55.44 54.19 1.94 
 2 138.59 13.49 13.44 131.80 4.91 
 3 257.94 250.05 249.97 242.61 8.85 
 4 361.03 357.84 360.31 356.58 14.47 
 5 492.29 496.25 502.90 500.95 25.05 
 6 529.27 548.37 606.26 638.49 31.40 
LSD (0.05)  18.02 18.57 31.07 28.29  
       
  ------------------------------------------------------------------g----------------------------------------------------------------- 
LWT 6 60.9 61.7 83.7 83.7 4.8 
       
SWT 6 83.1 85.5 119.5 117.4 9.1 
       
RWT 6 22.0 20.2 33.5 34.1 4.6 
       
TWT 6 7.8 7.2 12.2 11.3 0.8 
       
EWT 6 74.6 24.6 43.7 11.9 12.5 
       
KWT 6 45.7 12.9 4.8 3.7 10.8 
       
CWT 6 15.0 3.9 16.9 5.9 2.7 
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Table 11 (cont.) 
  Group
‡¶
 
  L H  
Trait
§
 Harvest PHG47*PHJ40 
LH82*PHJ40 
B73*PHJ40 
B73*PHZ51 
PHG39*PHZ51 
PHG47*PHG84 
LSD (0.05)
†
 
  + - + -  
TVB 6 266.5 217.3 330.3 285.9 19.4 
       
TAB 6 244.5 197.1 296.8 251.8 16.2 
       
  -----------------------------------------------------------------S:R---------------------------------------------------------------- 
S:R 6 13.4 10.6 9.4 8.2 1.3 
       
  ------------------------------------------------------------------%----------------------------------------------------------------- 
%Stem 6 31.6 39.2 36.0 41.3 2.2 
       
%Leaf 6 23.2 28.5 25.5 29.6 1.3 
       
%Root 6 8.1 9.3 10.0 11.5 1.1 
       
%Tassel 6 3.0 3.4 3.7 4.1 0.3 
       
%Ear 6 27.2 11.3 13.4 4.0 4.6 
       
%Kernel 6 16.5 5.9 1.5 0.0 4.1 
       
%Cob 6 5.5 1.8 5.3 2.0 0.9 
†LSD Values are indicative of the least significant difference at an α = 0.05 level 
‡L- Indicates hybrid has a low complexity root system; H- Indicates hybrid has a high complexity root system 
¶+ indicates well-watered treatment; - indicates water-withheld 
§LA- Leaf Area; LWT- Leaf Weight; SWT-Stem Weight; RWT-Root Weight; TWT-Tassel Weight; EWT- Ear Weight; KWT- Kernel Weight; CWT- Cob Weight; TVB- 
Total Vegetative Biomass; TAB- Total Above Ground Biomass; S:R - Shoot to Root (Shoot:Root) ratio; % Stem- Percent of Total Biomass Comprised of Stem; % 
Leaf- Percent of Total Biomass Comprised of Leaf; % Root- Percent of Total Biomass Comprised of Root; % Tassel- Percent of Total Biomass Comprised of Tassel; 
% Ear- Percent of Total Biomass Comprised of Ear; % Kernel- Percent of Total Biomass Comprised of Kernel; % Cob- Percent of Total Biomass Comprised of Cob 
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Table 12 Means of hybrids in high and low root complexity groups grown in nitrogen response study  
  Group‡¶  
  L H  
Trait§ Harvest PHG47*PHJ40 
LH82*PHJ40 
B73*PHJ40 
B73*PHZ51 
PHG39*PHZ51 
PHG47*PHG84 
LSD (0.05)† 
  + - + -  
   
  --------------------------------------------------------mm2----------------------------------------------------------------- 
LA (10-3) 1 25.80 26.43 24.54 23.36 1.56 
 2 98.72 75.52 95.33 74.85 5.92 
 3 193.92 135.22 188.23 147.68 15.04 
 4 333.53 247.59 339.41 242.76 17.85 
 5 388.61 277.56 429.07 315.15 23.63 
 6 70.90 84.27 129.33 126.60 2.17 
LSD 
(0.05) 
 
26.36 16.66 19.45 17.73 
 
       
  -----------------------------------------------------------g------------------------------------------------------------------- 
PWT 1 4.1 4.1 4.9 4.5 0.4 
 2 21.2 17.5 22.0 17.1 1.4 
 3 39.9 28.6 38.2 30.2 3.2 
 4 80.2 60.5 88.9 66.1 6.7 
 5 121.2 80.3 124.6 89.7 8.6 
 6 195.6 108.3 261.8 138.6 14.0 
LSD 
(0.05) 
 
10.5 8.6 12.7 8.7 
 
       
EWT 6 127.4 60.1 151.4 62.1 9.5 
       
KWT 6 108.4 50.4 127.4 50.1 7.3 
       
CWT 6 18.9 9.7 26.7 12.1 1.9 
       
  ------------------------------------------------------------%----------------------------------------------------------------- 
% Ear 6 65.1 55.5 57.1 43.6 2.6 
       
% 
Kernel 
6 
55.5 46.5 49.4 35.0 2.4 
       
% Cob 6 9.7 9.0 10.2 8.6 0.6 
†
LSD Values are indicative of the least significant difference at an α = 0.05 level 
‡
L- Indicates hybrid has a low complexity root system; H- Indicates hybrid has a high complexity root system 
¶
+ indicates nitrogen fertilization was applied at 225 lb/acre; - indicates no added nitrogen fertilization 
§
LA- Leaf Area; PWT- Plant Weight; EWT- Ear Weight; KWT- Kernel Weight; CWT- Cob Weight; ; % Ear- Percent of Total Biomass 
Comprised of Ear; % Kernel- Percent of Total Biomass Comprised of Kernel; % Cob- Percent of Total Biomass Comprised of Cob 
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